Finback-whale (Balaenoptera physalus L.) heparin was partially digested with a purified heparinase and an octasaccharide with high affinity for antithrombin III was isolated from the digest by gel filtration, followed by affinity chromatography on a column of antithrombin III immobilized on Sepharose 4B. This octasaccharide possessed high inhibitory activity for Factor Xa in the presence of antithrombin III, but was essentially inactive for thrombin-antithrombin III reaction. The anticoagulant activity determined by the activated-partial-thromboplastin-time method was very low (40-70 units/mg), although the initial whale heparin exhibited high activity (252 units/mg). On the basis of the results of chemical analyses, '3C n.m.r. spectrum and enzymic studies with purified heparinase, heparitinases 1 and 2, the predominant structure of the octasaccharide was proposed as follows:
GlcNS(3,6-diS), 3,6-di-O-sulphated N-sulphoglucosamine; IdUA, L-iduronic acid; IdUA(2S), 2-0-sulphated L-iduronic acid; GlcUA, D-glucuronic acid; AUA, A-4,5-hexuronic acid; AUA(2S), 2-0-sulphated A-4,5-hexuronic acid; aMan, 2,5-anhydromannose; aMan(6S), 6-0-sulphated 2,5-anhydromannose; W-HAO, highaffinity octasaccharide for antithrombin III from whale heparin; P-HAO, high-affinity octasaccharide for antithrombin III from porcine heparin.
* To whom requests for reprints should be addressed.
As a critical structural element of heparin required for binding to antithrombin III, a tetrasaccharide:
IdUAal -4GlcNAc(6S)al 4GlcUA/l -4GlcNS(6S) was proposed by Rosenberg & Lam (1979) . More recently, Lindahl et al. (1981a,b) suggested that the actual antithrombin III-binding region of the heparin molecule is contained within the pentasaccharide sequence 2-6 of their octasaccharide:
IdUAal -.4GlcNAc(6S)al -*4GlcUA,f1
4GlcNS(3,6-diS)al 4IdUA(2S)al 4GlcNS(6S)al-4IdUA(2S)al -4aMan(6S) They reported also that the two N-sulphate groups at positions 4 and 6, the 6-0-sulphate group at position 2 and the 3-0-sulphate group at position 4 from the non-reducing end of the octasaccharide would all appear to be involved in the binding to antithrombin III, although the roles of the 0-sulphate groups in positions 5 and 6 remain to be evaluated.
On the other hand, Oosta et al. (1981) separated heparin fragments from the limited deamination products of a highly active fraction of porcine heparin and reported that hexa-, octa-and decasaccharides can form a complex with antithrombin III and accelerate Factor Xa-antithrombin III, but not thrombin-antithrombin III, interactions. They reported, however, that large heparin fragments of about 14 and 16 residues are essential for approximating thrombin with antithrombin III or activating antithrombin III such that it can rapidly neutralize thrombin. Moreover, they claimed that the monosaccharide sequence responsible for activating antithrombin III with respect to thrombin neutralization and for approximating free enzyme with antithrombin III must lie on the non-reducing side of their critical tetrasaccharide. They proposed that heparin possesses multiple structural domains that modulate different functions of antithrombin III. Casu et al. (1981) prepared heparin oligosaccharides (essentially octasaccharides) having high affinity for antithrombin III and high anti-(Factor Xa) activity, but low activity of the activated partial thromboplastin time, by three independent approaches (extraction, partial deaminative cleavage with HNO2 and partial depolymerization with bacterial heparinase) from porcine heparin and proposed their structures.
We isolated recently an octasaccharide with high affinity for antithrombin III from the products of partial digestion of porcine heparin with purified heparinase (Ototani & Yosizawa, 198 lb) . This octasaccharide (P-HAO) possessed high inhibitory activities for Factor Xa and thrombin in the presence of antithrombin III (Ototani & Yosizawa, 1981b) . Moreover, P-HAO exhibited a high anticoagulant activity (240 units/mg) determined by the activated-partial-thromboplastin-time method. The proposed structure of P-HAO: (Ototani & Yosizawa, 198 lb) differed from that of the octasaccharide (heparinasecleavage oligosaccharide) obtained from the heparinase digests of porcine heparin by Casu et al. (1981) .
In order to ascertain critical structural elements of heparin required for anti-(Factor Xa) and antithrombin activities in the presence of antithrombin III, we isolated an octasaccharide (W-HAO) from the products of partial digestion of whale heparin with the purified heparinase. In the present paper we report the structure and the biological activities of W-HAO and discuss the relationship between the structure and the biological activities of W-HAO, comparisons being made with the heparin octasaccharides so far reported. A preliminary report has been presented (Ototani & Yosizawa, 198 la) .
Materials and methods Materials
Finback-whale (Balaenoptera physalus L.) intestinal heparin (220 units/mg) was the preparation described previously (Ototani et al. 198 lb) . Porcine intestinal heparin (148 units/mg) and its octasaccharide (P-HAO) with high anticoagulant activity were those described previously (Ototani & Yosizawa, 1981b (Ototani et al., 1981a; Ototani & Yosizawa, 1981a) . No sulphatase activity was detected towards
AUA(2S)al -4GlcNS and P-HAO in these purified enzymes. AUAal-+4GlcNAc, AUAal-* 4GlcNS, AUA(2S)al -+4GlcNS and AUAal-+ 4GlcNAc(6S) were the preparations described previously Ototani et al., 1974, 198 lb). Human antithrombin III and antithrombin III immobilized on Sepharose 4B (antithrombin III-Sepharose) and other materials were those described previously (Ototani & Yosizawa, 198 lb; Ototani et al., 198 la).
Methods
Biological assays. The activities of heparin and its octasaccharide with respect to thrombin and Factor Xa inactivation were determined by the methods described previously (Ototani & Yosizawa, 1981b) .
The assay for anticoagulant activity by the activated-partial-thromboplastin-time method were performed as described previously (Ototani et al., 1981b) .
Determination of constituents. Hexuronic acid and A-4,5-hexuronic acid (Bitter & Muir, 1962) , hexosamine (Gardell, 1953) , sulphate (Antonopoulos, 1962) , N-sulphoglucosamine (Dische & Borenfreund, 1950) and N-acetylglucosamine (Reissig et al., 1955) were determined by the methods described in the cited references. A-4,5-Hexuronic acid was also determined by A235 (Hovingh & Linker, 1974) .
Electrophoresis. Electrophoresis on cellulose acetate membrane (Separax) was performed as described previously (Ototani et al., 1981b) . Paper electrophoresis was performed on Toyo no. 51A paper (40cm length) in 0.05M-ammonium acetate/ acetic acid buffer, pH5.0, at a potential gradient of 15 V/cm for 2h (Suzuki et al., 1968 Tube no. Vol. 205 0.5 M-NaCl at a flow rate of 20ml/h. Fractions (3 ml) were collected. The A235 of the fractions was determined. The fractions containing mainly octasaccharide were pooled and desalted with Sephadex G-25. The freeze-dried fraction was dissolved in 3 ml of 0.05 M-Tris/HCI buffer, pH 7.4, containing 0.05 M-NaCl and then applied to a column (2.2cm x 10cm) of antithrombin III-Sepharose. After washing with the same buffer, linear gradient elution with 0.05-2.5 M-NaCl in the same buffer was performed at a flow rate of 20 ml/h. Fractions (5 ml) were collected and the A235 of the fractions were determined. The pooled fractions eluted with 0.5-2.0M-NaCl were then desalted with Sephadex G-25. The desalted fractions obtained from four samples of the above-mentioned incubation mixture were combined and then gel-filtered through the same size of Sephadex G-50 column as described above ( Fig. 1 ). The octasaccharide fraction (peak 2) was desalted with Sephadex G-25, followed by affinity chromatography on antithrombin IIISepharose as described above (Fig. 2 ). An octasaccharide with high affinity for antithrombin III eluted with 0.8-1.6 M-NaCl was designated as 'W-HAO' (high-affinity octasaccharide for antithrombin III from whale heparin).
Results
Whale heparin octasaccharide with high affinity for antithrombin III Whale heparin was partially digested with purified heparinase, followed by the above-mentioned treatments. The yield of W-HAO was 2% of the initial heparin. Anticoagulant activity of W-HAO The anticoagulant activity was determined by the activated-partial-thromboplastin-time method (Table  1 ). The results indicated that whale heparin possessed high anticoagulant activity, whereas W-HAO had relatively low activity. The semilogarithmic plot The activity of W-HAO with respect to thrombin and Factor Xa inactivation in the presence of antithrombin III was determined by the method described previously (Ototani & Yosizawa, 1981b) . The results are plotted, together with those of the initial heparin, in Figs. 3 and 4. From these data, the amounts of the samples giving 50% inhibition for thrombin were calculated to be >20,ug and 19 ng for W-HAO and the initial heparin respectively. On the other hand, the amounts of the samples giving 50% inhibition for Factor Xa were calculated to be 20 and 6.8ng for W-HAO and the initial heparin respectively. These observations indicated that, Heparin (pg) Fig. 3 . Activities of W-HAO and the initial heparin with respect to thrombin inactivation The inhibitory activity of the samples was determined by the method described previously (Ototani & Yosizawa, 198 ib) . *, W-HAO; 0, initial heparin. Heparin (pg) Fig. 4 . Activities of W-HAO and the initial heparin with respect to Factor Xa inactivation The inhibitory activity of the samples was determined by the method described previously (Ototani & Yosizawa, 1981b although the initial heparin has high activities with respect to thrombin and Factor Xa inactivation in the presence of antithrombin III, W-HAO possesses only the anti-(Factor Xa) activity.
Analyses of W-HAO W-HAO gave a single band both on Separax electrophoresis in pyridine/formic acid, pH3.0, at 1 mA/cm for 20 min (a) and in 0.1 M-HCI at 5.0 V/cm for 1 h (b). The lower mobilities (4.2cm in a and 1.6 cm in b) of W-HAO than those (4.4cm in a and 1.9cm in b) of P-HAO indicated that the former contained less sulphate than the latter.
The analytical data for W-HAO showed that the molar ratio total hexuronic acid/glucosamine/sulphate was 1.12:1.00:1.81 and also that the ratio of D-glucuronic acid/L-iduronic acid/A-4,5-hexuronic acid was 1.00: 1.89:0.91. Digestion of W-HAO with crude heparinase liberated 25% of hexosamine in total as N-acetylglucosamine, which was determined by the Morgan-Elson reaction (Reissig et al., 1955) . The remainder could be determined by the method of Dische & Borenfreund (1950) , and was shown to be N-sulphoglucosamine.
The molecular size of W-HAO was confirmed by the following two methods: first, on the basis of a molar absorption coefficient of 5500 litre. mol-' I cm-1 at 235 nm for the unsaturated hexuronic acid, the molar ratio of the A-4,5-hexuronic acid to the total hexuronic acid was calculated to be 4.1: 1; second, the hexosamine content of the W-HAO reduced with NaBH4 was 74% of that of the intact molecule.
These observations indicated that W-HAO contained approx. three N-sulphoglucosamine residues, one N-acetylglucosamine residue, one D-glucuronic acid residue, two L-iduronic acid residues, one A-4,5-hexuronic acid residue and four 0-sulphate groups. region to that at 66.4 p.p.m., which are attributable to the non-sulphated and sulphated C-6 signals of the glucosamine residues respectively (Casu et al., 1981) , was approx. 3:1, indicating that one of the four glucosamine residues had a 6-0-sulphate group. On the other hand, the signals at 99.4, 101.7 and 102.1 p.p.m. could be assigned to C-1 of 2-0-sulphated L-iduronic acid, L-iduronic acid and D-glucuronic acid residues respectively. The signals at 105.7 and 144.7p.p.m. may be ascribed to C-4 and C-5 respectively of the A-4,5-hexuronic acid residue, since the signals at 107.6 and 144.7p.p.m. were assigned to the corresponding ones of phenyl A-4,5-hexuronide (N. Ototani & Z. Yosizawa, unpublished work). The signal at 97.1 p.p.m. may be assigned to C-I of the unsaturated hexuronic acid, together with that of the N-sulphoglucosamine residue, as indicated by Casu et al. (1981) .
Enzymic studies on W-HA 0 W-HAO (1 mg) was incubated with a mixture of purified heparinase (5 units), heparitinase 1 (4 units) and heparitinase 2 (4 units) for 15 h at 37°C and the digest was then subjected to paper electrophoresis. As shown in Fig. 5(a) , two bands were detected. The compounds in these bands were designated as 'la' and 'lb'. The ratio of la to lb was 3:1, in terms of their A235. The analytical data (Table 2) indicated that la and lb were disulphated unsaturated disaccharide and monosulphated unsaturated disaccharide respectively. Authentic AUA(2S)al -+ 4GlcNS migrated to the position corresponding to la, whereas authentic AUAal -e4GlcNS and AUAal-+4GlcNAc(6S) migrated to that of lb. Although the mobility of lb on paper chromatography on Toyo no. 51A paper, with butan-1-ol/acetic acid/water (10:3:6, by vol.) as solvent, coincided with that of AUAal-. 4GlcNAc(6S), it differed from that of AUAal-+4GlcNS. On paper chromatography, la gave two spots, of which the mobility of the faster-moving spot coincided with that of AUA(2S)al-.4GlcNS.
Subsequently, W-HAO (1 mg) was incubated with purified heparinase (5 units) for 15 h at 300C, followed by the same treatments as above. The paper electrophoretogram (Fig. 5b) indicated the presence of four unsaturated oligosaccharides in the digests. The compounds in bands 2a, 2b, 2c and 2d were designated as '2a', '2b', '2c' and '2d' respectively. The analytical data and the polymerization index (Table 2) indicated that 2a, 2b and 2c were disulphated unsaturated disaccharide, monosulphated unsaturated disaccharide and trisulphated unsaturated tetrasaccharide respectively. The mobility of 2a on paper chromatography (see above) coincided with that of AUA(2S)al-+4GlcNS. Although 2d was not studied further, it was thought to Vol. 205 of W-HAO W-HAO was separately digested with the purified heparinase plus purified heparitinases 1 and 2 (a), the purified heparinase (b) and the purified heparitinase 1 (c) as described in the text. Paper electrophoresis was performed as described in the text and the u.v.-absorbing compounds were located by a Mineral light (model S-2536). The paper strips were cut into appropriate sizes and the compound(s) in each strip were extracted with 2.0 ml of 0.1 M-HC1. The A235 and the constituents of each compound were determined. References I, II and III were AUAal-4GlcNAc, AUAal-4GlcNS and AUA(2S)al -4GlcNS.
consist of oligomer(s). The analytical data for 2c indicated the presence of one N-acetylglucosamine residue in the molecule. The ratio of 2a to 2c was found to be approx. 2 in terms of A235. These findings indicated that the heparinase cleaved two bonds of W-HAO to give two molecules of the disulphated unsaturated disaccharide and one molecule of trisulphated unsaturated tetrasaccharide containing one N-acetylglucosamine residue, with 27 1.5r small proportions of the minor unsaturated oligosaccharides.
On the other hand, W-HAO (1mg) was incubated with purified heparitinase 1 (4 units) for 15h h at 37°C, followed by the same treatments as those described above. The paper electrophoretogram indicated the presence of one major and three minor cm unsaturated oligosaccharides in the digests (Fig. 5c) . The compounds in the bands in this Figure were designated as '3a' '3b' '3c' and '3d'. The major r-i r4 one (3b) was 90% in total of the digests in terms of m/X A235. The hexosamine content of 3b reduced with NaBH4 was 51% of that of the intact molecule. This finding, together with the polymerization index and the analytical data ( Table 2 ), indicated that 3b consisted of sulphated unsaturated tetrasac-1_ charide(s). Since the molar ratio of sulphate to total hexuronic acid of 3b was 1.78 ( (Table 2) . Although 3a and 3d were not studied CD further, they were thought to consist of disulphated unsaturated disaccharide and oligomer(s) respectively.
:
As judged from the observations, the proposed predominant structure of W-HAO was as shown in antithrombin III, but low activity of the activated partial thromboplastin time.
Although the monosaccharide sequence of the proposed structure of W-HAO and its biological activities were essentially identical with those of the octasaccharide (heparinase-cleavage oligosaccharide) described by Casu et al. (1981) , the former contained less 6-0-sulphate groups than the latter. Moreover, the pentasaccharide region located at the reducing portion of W-HAO was identical with the pentasaccharide sequence 2-6 from the nonreducing end of the octasaccharide described by Lindahl et al. (1981a,b) , except for the above 6-0-sulphate groups. This pentasaccharide sequence was suggested to contain the actual antithrombin III-binding region of the heparin molecule (Lindahl et al., 1981a,b) . It is suggested, therefore, that the abovementioned 6-0-sulphate groups missing from W-HAO are non-essential for the binding to antithrombin III and also for high anti-(Factor Xa) activity.
As reported in our previous paper (Ototani & Yosizawa, 198 lb) , an octasaccharide (P-HAO) isolated from the products of partial digestion of porcine heparin with the purified heparinase possessed high affinity for antithrombin III, high inhibitory activities towards Factor Xa and thrombin in the presence of antithrombin III, and high activity of the activated partial thromboplastin time.
The proposed structure of P-HAO, except for both the terminal monosaccharides, is identical with that of the octasaccharides isolated from the limited deamination products of the same heparin by Lindahl et al. (198 1a, b) and Casu et al. (1981) . The octasaccharide (deaminative-cleavage oligosaccharide) described by Casu et al. (1981) was reported to possess high affinity for antithrombin III and high anti-(Factor Xa) activity, but low activity of the activated partial thromboplastin time. Since the non-reducing terminus of P-HAO was unsaturated hexuronic acid, it is suggested that the L-iduronic acid residue located at the non-reducing end of the above-mentioned octasaccharides described by Lindahl et al. (1981a,b) and Casu et al. (1981) is non-essential for the antithrombin IIIbinding and anti-(Factor Xa) activities, as suggested by Lindahl et al. (198 la, b) for the antithrombin III-binding activity.
Although P-HAO was eluted with 1.5-2.0M-NaCl from the antithrombin III-Sepharose column (Ototani & Yosizawa, 1981b) , W-HAO was eluted with 0.8-1.6M-NaCl. It therefore appeared that the binding of the former to antithrombin III was significantly stronger than that of the latter. The strong binding to antithrombin III of the former appears to be on account of the presence of the disaccharide unit:
IdUA(2S)al -+4GlcNS(6S) at the reducing end, in addition to the adjacent pentasaccharide sequence, which is suggested to contain the actual antithrombin III-binding region of the octasaccharide described by Lindahl et al. (1981a,b) .
As judged from these observations, it is conceivable that the strong binding to antithrombin III of Vol. 205 the heptasaccharide sequence of P-HAO may elicit an acceleration of the thrombin-antithrombin III reaction and also the manifestation of high anticoagulant activity in the activated-partial-thromboplastin-time system. As W-HAO lacks the abovementioned disaccharide region, it is thought to be inactive for the thrombin-antithrombin III reaction. It is suggested also that binding to antithrombin III of the critical structural elements in the pentasaccharide region of the octasaccharides elicit the acceleration of the Factor Xa-antithrombin III reaction. In addition, the octasaccharides with high anti-(Factor Xa) activity appear to be unable to manifest high anticoagulant activity in the activated-partial-thromboplastin-time system unless they possess high inhibitory activity for thrombin in the presence of antithrombin III.
Although W-HAO and P-HAO were isolated by essentially identical procedures from the whale heparin and porcine heparin respectively, they differed in structure and biological activity. Whale heparin has been shown to contain a higher proportion of N-acetylglucosamine residues and lower sulphate content than porcine heparin (Kotoku et al., 1967) . Also, the content of 6-0-sulphates on the glucosamine residues in the former was lower than that in the latter (Kosakai & Yosizawa, 1979 . The content of the trisaccharide sequence:
IdUAal-4GlcNAc(6S)al-4GlcUA in the former was higher than that in the latter, and the cluster of the disaccharide sequence:
IdUA(2S)al-+4GlcNS(6S) was suggested to be smaller in the former than that in the latter (Kosakai & Yosizawa, 1981) . These structural differences between these heparins may elicit different susceptibilities of their linkages to the partial digestion with the purified heparinase, resulting in the production of the different octasaccharides.
On the other hand, Casu et al. (1981) isolated an octasaccharide (heparinase-cleavage oligosaccharide) essentially identical, except for 6-0-sulphate groups, with W-HAO from porcine heparin after exhaustive digestion with heparinase. The structure and the biological activities of their octasaccharide differed from those of our P-HAO isolated from the same source after partial digestion with the purified heparinase (Ototani & Yosizawa, 1981b) . Although the heparinase preparations and the incubation conditions in these studies differed from each other, the mechanism of the production of the different octasaccharides from the same source is obscure at present. This work was supported by Grants-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan. We thank Dr. T. Okuyama for his helpful discussions.
